Abstract-The laser calibration system of the ATLAS Tile hadron calorimeter for the LHC run II is presented. The performances of the calibration and monitor tools internal to the laser system are given in terms of operation time stability. The use of the laser system in the normal Tile calibration procedures is also described.
. The block diagram of the Tile readout and calibration system. The three calibration systems, Cesium source, laser, and Charge Injection System (CIS) are shortly described in the text.
The first system is a global detector calibration one. The scintillation efficiency of all individual cells of the Tile calorimeter, the PMT response of the photo-multipliers associated to each cell, and the integrator electronic chain are monitored by looking at the response to a reference excitation produced by calibrated Cesium sources which float inside the detector through a suitable pipe network. This calibration requires several hours of operation during collision pauses in LHC and it can be performed only once per month, in average, during stable collision periods.
Calibrations of the PMTs and of the readout chain are performed between two subsequent Cesium scans with the laser system. Laser pulses are simultaneously sent onto each individual PMT cathode (approximately 10,000 channels) by a suitable optical distribution line having a powerful laser (several μJ per pulse) as a source. The response of all detector readout channels is monitored with standard laser calibration loops every two-three days during short pauses of LHC collisions, and one hour is the time required to complete a calibration loop. Laser pulses are sent also during collision runs in the empty bunch-crossings. These pulses can be used to monitor the stability of the time of conversion of the digitizers. Two different laser intensities are used for standard calibrations in order to test the Low Gain (LG) and High Gain (HG) amplification chains implemented in the readout electronics. When necessary, a detailed check of the PMT linearity response can be performed. The architecture of the LaserII system is described in section 2.
The response linearity and stability of the shaping and amplification chains and of the digitizers are controlled with fast calibrations using a Charge Injection System (CIS). A known amount of charge is injected in the shaper of each front end channel and the pC to ADC conversion factors are measured. The charge injection loop is quite fast (a few minutes) and it is performed before each laser calibration.
II. THE ARCHITECTURE OF THE LASERII SYSTEM
The main task of the laser calibration system in Tile is to keep calibrated all detector channels between two subsequent global calibrations with the Cesium system. Reducing the contribution of the calibration uncertainty below the irreducible systematics in the determination of the Jet Energy Resolution and of the Jet Energy Scale is the goal of the new design and it can be achieved if the calibration can be performed at a sub-percent accuracy level.
The main components of the LaserII system are shown in Figure 2 . The optics box on the right contains the light source, a Q-switched pulsed laser, the optical elements to define the laser beam paths, and light mixers coupled by clear fibers to the monitor photodiodes which are located in the central box in the picture. Other relevant elements in the optics box are: the telescope used to enlarge the laser beam waist, the remote controlled filter wheel (8 positions corresponding to different optical density filters), and the beam-expander at the end of the main optical line. This last element includes a divergent lens and a complex system of diffusers and PMMA optical guides. It is used to uniformly feed light into the 400 fiber bundle exiting the optics box. These fibers, about 100 mt long, distribute the laser pulses to the 256 modules forming the barrel and the extended barrel structures of the Tile calorimeter [4] . The photodiodes receive also light pulses produced by a LED located in the PHOCAL box on the left top corner of Figure 2 . The LED pulses are used to monitor the stability of the monitor photodiode responses. The stability of the light amount emitted by the LED is controlled with a reference photodiode which is excited also with a 241 Am α-source. The reference photodiode and the α-source are located in the PHOCAL box.
The monitor photodiode signals are amplified with two different gains and they are digitized by 13 bit QDCs in the VME unit called LASCAR. This unit also provides the signals for pulsing the laser and the LED, for controlling the drivers of the filter wheel and of the shutter in the optics box, for switching the power supplies in the POLAS box, and for handling all the communication signals with the ATLAS DAQ system and with the ATLAS and LHC timing interface. The logic for operating the system in different modes is implemented in the firmware for a FPGA internal to the LASCAR card. The trigger for converting the photodiode signals from laser pulses is generated by the coincidence of the signal from two PMTs located in the PMT BOX and receiving light from the mixer at the exit of the laser head.
III. THE CALIBRATION LOOP WITH THE LASER SYSTEM
At least twice per week, a laser calibration loop is done as it follows: before sending laser calibration pulses to the detector PMTs, a fast calibration loop internal to the LaserII system is performed. Four steps are included in the internal calibration loop: a measurement of the QDC pedestals, a check of the linearity response of the electronics with an internal charge injection system, a measurement with the alpha-source signals of the response stability of the reference photodiode, and a measurement of the monitor photodiode response with the LED excitation. All the information relative to the internal calibration loop is stored in the laser fragment of the event word sent to the ATLAS DAQ. Once the internal calibration of the LaserII system is completed, laser pulses are sent to the detector PMTs. In standard laser calibrations, two different light intensity are used by selecting the light filtering with the filter wheel in the optics box. This way, the Tile readout chains with high gain and low gain amplifications are separately tested. If requested for linearity scans, the light intensity transmitted to the individual detector PMTs can be varied in the equivalent energy range [100 MeV, 1 TeV] by acting both on the laser pumping current and on the light filtering along the optical line.
IV. STABILITY PERFORMANCES
Since the installation of the new laser system in the control room in the cavern of the ATLAS experiment on October 2014, calibration loops are regularly performed and the stability of the calibration tools internal to LaserII and of its monitors is controlled. The time evolution is monitored for several observables: QDC pedestal values, QDC linearity response, reference diode response to alpha-source excitation, monitor photodiode responses to LED excitation and to laser excitation, and detector PMT responses to laser excitations. Some examples of the time evolution of the monitored quantities are shown in Figure 3 and in Figure 4 . The observation period is four months from beginning of May to beginning of September 2015 and it includes the collision start-up and the commissioning period of the LHC run II operations.
The stability performance of all internal calibration tools and monitors is summarized in Table I . The values inserted in the table, representing the relative variation with respect to the first observation day, are grouped in column blocks relative to different observation periods, one month (the typical interval between two subsequent detector calibration with the Cesium source scan) in the first block and 4 months in the second block. In each block, the RMS of the distributions of all device deviations and the maximum deviation of the less stable device are given for both high gain and low gain calibrations.
Values in the "PHOCAL-alpha" row of table I are relative to the response of the reference photodiode to α-source excitations. Values in the "LED response" row are relative to the monitor photodiode responses to LED excitations. Values in the "Laser monitors", "Filter monitors", and "Expander monitors" rows are relative to the responses of photodiode groups reading out the light extracted after the laser head, after the filter wheel and at the beam-expander exit, respectively (see Figure 1) . The "overall" variation in the last row of table I is estimated by normalizing the monitor photodiode responses to the average response of the detector PMTs reading out the outer, and therefore less irradiated, cells of Tile which are assumed to be stable. In this case, the stability performance of the laser monitors is measured relative to a reference signal external to the laser system itself. The typical (RMS) variation in all cases is ≤ 0.5% in one month and ≤ 1.5% in four month observation.
The good stability performance of the monitors is a clue for achieving high accuracy in the procedure to calibrate with laser pulses the readout response of each individual channel of the Tile detector. A description of the complete calibration algorithm can be found elsewhere [6] . Here it is only recalled that the individual channel responses are normalized to the Fig. 4. a) evolution of the responses of the photodiodes monitoring the output from the beam-expander in the optics box. The responses of diodes D7, D8, and D9 are normalized to the D6 response for absorbing pulse-topulse fluctuations of the laser intensity; b) evolution of the average response of all detector PMTs. All points in figures a) and b) are normalized to the first observation point [5] .
signal of a monitor photodiode in order to absorb pulse-topulse fluctuations in the emitted laser intensity. An example of the distribution of the variations of the readout responses in standard laser calibrations is shown in Figure 5 . The entries in the histogram are the variations relative to the first observation of the response of all the Tile channels. The observation interval, about one month, is relative to a LHC operation period in summer 2015 when the integrated luminosity was small enough to not induce drifts in any good channel response. Entries in the tails of the distribution are those of drifting channels. In this conditions, the RMS (0.2%) value of the distribution of the variation of the channel responses is a measure of the accuracy achievable in laser calibrations.
To complete the description of the laser system applications, a special calibration mode is recalled. The reconstructed time in all Tile calorimeter channels is online monitored in physics runs with laser calibration pulses shot during empty bunchcrossings. In the LHC run I, Tile suffered from frequent sudden changes in time settings for digitization (typically in a group of six channels), mostly associated with the module configuration after power restart due to Low Voltage Power Supplies (LVPS) trips. In 2012, more than 10,000 timing jumps were detected. In 2015, after detector consolidation and with the new LVPS, only a few (∼ 60) channel timing jumps were detected up Fig. 5 . Distribution of the variation of the detector channel responses in standard laser calibrations relative to the first observation in a period between two subsequent global Cesium calibrations with a small total integrated luminosity [5] .
to now, always at the run beginning, never during stable collisions.
V. CONCLUSIONS
All the goals set for the new laser calibration system of the ATLAS Tile calorimeter were achieved:
• Sub-percent accuracy of the internal calibration system.
• Typical short (1 month) and long (4 months) term stability of the monitors within 0.5% and 1.5% respectively.
• Sub-percent sensitivity in the measurement of the calibration constant variations. The redundancy of the elements for monitoring the laser beam intensity in different points of the optical line allows for internally checking the stability performance of the system and for an easy and fast recovery of any element failures; in fact, none was yet detected since LaserII installation in October 2014, thanks to the system robustness.
Actions possible with the laser system are:
• continuous monitor of the channel response drifts;
• test of the linearity response to luminous signals of all detector channels • possibility to calibrate the detector special cells inserted in the gap regions among the calorimeter sections of Tile and that cannot be reached with the Cesium source system; • prompt detection of timing jumps of the digitizing electronics with laser pulses sent in the empty bunchcrossings. If this global good performance measured in the observation period will be kept in time, the LaserII system will contribute to achieve a high quality operation of the ATLAS Tile calorimeter during the LHC run II data taking.
